Introduction
The attempt to quantitatively assess levels of genetic diversity in natural populations has a long history (Dobzhansky 1970; Lewontin 1974) . The level at which investigators could work has progressed over the years, beginning with morphological markers to present-day work on the most basic level, DNA itself. Most quantitative estimates of intraspecific DNA variation have been obtained from either restrictionenzyme-site comparisons (see, e.g., Aquadro et al. 1986) or, more directly, from comparisons of DNA base sequences (see, e.g., Kreitman 1983 ). While such approaches are very useful, at present they have a serious limitation: they can be applied to only a very small fraction of the genome in any single study. It may also be argued, especially in the case of sequence data, that there is a bias in the choice of regions being sequenced; only regions for which there are known functions are being studied (for obvious reasons). Because most of the higher-eukaryote genome has no known function, little attention is paid to it. DNA-DNA hybridization is a technique that could, in theory, be used to assess the overall DNA divergence between genomes of a species. However, while DNA-DNA hybridization may be used to generate data relevant to population genetics, it does not provide the type of data (allele frequencies) relevant to most population-genetics models.
In the present work, we have posed the question, Is the technique of DNA-DNA hybridization sensitive enough-and/or the level of variation great enough-to be used to assess the overall differences between genomes of a species? If so, we should be able to estimate the overall heterozygosity in single-copy DNA. Furthermore, with the increasing popularity of this technique for systematic studies, knowledge of intraspecific variation is useful in interpreting the significance of interspecific differences.
One problem with attempting to use DNA-DNA hybridization to assess intraspecific variation in diploid eukaryotes is the heterogeneity that usually exists within individuals or strains of a species. We have overcome this problem by using a species of Drosophila, D. mercatorurn, that has the capacity to produce parthenogenetic strains that are completely homozygous; a haploid egg nucleus doubles and fuses, giving rise to all female parthenogenetic strains (Templeton et al. 1976) . We have used three independently derived strains, two from Hawaii (designated KP and KWP) and one from El Salvador (SP).
The thermostability of DNA duplexes is determined not only by the fidelity of base-pair matching (which is what we wish to measure) but also, under most conditions, on the base composition: G-C pairs bind more tightly than do A-T pairs. Britten and colleagues have developed a method to carry out DNA-DNA hybridization in which thermostability is independent of base composition (Britten et al. 1978; Hunt et al. 198 1) . The technique is based on the chaotropic compound tetraethyl ammonium chloride (TEACL), which weakens G-C bonding more than it does A-T bonding (Melchior and Von Hippel 1973; Chang et al. 1974) . At 2.4 A4 TEACL, melting is independent of base composition (Hutton and Wetmur 1973; Orosz and Wetmur 1977) . The TEACL method of DNA-DNA hybridization has been used in the experiments reported here.
Material and Methods
The three parthenogenetic strains were supplied by Dr. Alan Templeton. The history and origin of the strains can be found in Carson et al. ( 1977) . The designations KP, KWP, and SP refer, respectively, to IS23-O-IM, K28-O-Im, and S-Im in the Carson et al. report. DNA was prepared by means of a method provided by H. Jackie's laboratory. Eighty to 120 adult Drosophila were ground by hand in a Dounce homogenizer in 3 ml of homogenization buffer (80 mM ethylenediaminetetraacetate [EDTA]; 100 mA4 tris hydroxymethyl aminomethane (Tris)-HCl, pH 8; 160 mM sucrose). After addition of 150 ~1 10% sodium dodecyl sulfate and 50 ~1 proteinase K ( 10 mg/ml stock), the homogenate was incubated at 70 C for B 1 h. Two phenol extractions were performed with freshly prepared phenol:chloroform/isoamyl alcohol ( 1: 1) followed by one chloroform extraction. Four hundred fifty microliters 8 A4 potassium acetate was added, and the mixture was placed on ice for 30 min. After the precipitate was removed by means of centrifugation, 1 vol ethanol was added to the supernatant. Precipitated DNA was resuspended in 200 l..tl TE (10 mM Tris, 1 mA4 EDTA, pH 7.4) to which 5 ~1 of DNase-free RNase ( 1 mg/ml stock) was added, and the mixture was then incubated for 1 h at 37 C. After another ethanol precipitation, the DNA was resuspended in 200 pl water.
The TEACL procedure, with a few minor modifications that we have made in it, will be briefly described below; the papers of Britten et al. (1978) and Hunt et al. ( 198 1) should be consulted for details.
DNA was sheered by means of sonication to yield fragments of 800 bp. Tracer DNA was labeled with 3H-TTP by means of nick-translation. Tracer was made single copy by incubating to a Cot of 50 in 0.48 Mphosphate buffer and then passing it over a hydroxylapatite column in 0.12 M phosphate. Approximately 50% of the DNA remained single stranded. The single-stranded fraction was dialyzed against several changes of water at room temperature for 48 h. After ethanol precipitation, the tracer was resuspended in water. Tracer DNA and driver DNA (unlabeled) were mixed in a ratio of 1:500-1,000 in 1 A4 TEACL. Samples were sealed in capillary tubes and boiled for 10 min. They were incubated to a Cot of 26,000 at 45 C; this treatment brings the reassociation to equilibrium, i.e., no further reassociation occurs on longer incubation. Each sample was diluted with 2 vol water, and 0.1 of the resulting volume of 10 X S 1 digestion buffer was added to give the final condition: 50 mM sodium acetate, 0.5 rnA4 ZnS04, pH 4.4. Nuclease S 1 (3 units/20 pg DNA) was added, and the mixture was incubated for 45 min at 37 C. An aliquot containing 25,000-50,000 cpm was removed and reserved for size analysis. The rest of the sample was passed over a GlOO column equilibrated with 2.4 M TEACL (2-ml bed vol in a Pasteur pipette), 0.5-ml fractions were collected, and the percent reassociation was determined by counting the radioactivity. The first fraction contained no radioactivity, the second and third contained duplex DNA, and fractions four through seven contained digested nucleotides. Fraction two was used for all further analyses. The reassociated duplexes were diluted with 2.4 M TEACL to give 500-1,000 cpm/lOO ~1; final adjustment to 2.4 M TEACL was made by means of refractometer readings.
A temperature gradient of 30-67 C was set up in a solid aluminum block with holes to fit microfuge tubes; the temperature gradient was maintained by circulating water through either end of the block. As many as 20 microfuge tubes containing 100 ~1 of the reassociated duplexes were placed in the block and allowed to equilibrate to temperature for 30 min. The samples were removed from the block, diluted with water and digestion buffer, and digested with nuclease S 1 ( 15 units/tube) for 45 min at 37 C. Carrier DNA ( 100 pg sonicated salmon sperm DNA) was added, and undigested DNA was precipitated by addition of cetyl trimethyl ammonium bromide. The radioactivity in the supernatant represents the single-stranded fraction, and the radioactivity in the pellet represents the double-stranded fraction. In addition to the gradient tubes, two controls were done, one of which was kept on ice and the other of which was heated to >85 C. These represent the 0% and 100% single-stranded values in normalizing the melting curves to span 0%-100%. Generally 6 10% of the DNA in the control on ice was Sl digested while >90% of the DNA in the heated control was digested. After a full gradient was performed and the shape of the melting curve was satisfactory, replicates were performed using only the four tubes whose temperatures surrounded the median melting temperature (T,) as determined by the full gradient.
The size of tracer molecules in the hybrids was determined by means of alkaline gel electrophoresis, as described by Hunt et al. ( 198 1) . The one modification was that we melted the agarose sections in a microwave oven instead of by autoclaving. The formula in Hunt et al. was used to determine the size correction for T,,,.
For all scintillation counting we used 28 vol Opti-fluor (United Technologies). The SEs of the AT,,,? were calculated as (VARl/N 1 + VAR2/N2)'12, where VARl and VAR2 are the respective variances of the T,,,'s for the homoduplex and heteroduplex and N 1 and N2 are the respective number of determinations. For determining an overall mean of reciprocal measures (both strains used as tracer and driver), the following formulas, derived by John Hartigan, were used: 
Results
Various statistics have been used to describe the melting temperature of DNA duplexes. Here we present the T,, which is the median melting temperature of the duplexes. The AT, is the difference between homoduplex T, (tracer and driver from same strain) and heteroduplex T, (tracer and driver from different strains). As will be pointed out later, this is a relatively conservative estimate of the degree of difference.
The results of all nine combinations of the three strains as tracer and driver are presented in table 1. First, note that the SEs of the T,'s are reasonably small, ranging from 0.04 to 0.25 degrees C. Second, the tracer lengths are well within the range required for obtaining accurate melting curves (Britten et al. 1974) . Finally, the percent reassociation is always higher for the homoduplex than for the heteroduplex, a point to which we will return in the Discussion section below. Table 2 presents AT,,, values both for T,'s and for T,,,'s corrected for tracer length (T,COR). From this table it can be seen that the AT,,, between strains is very close to 1.3 degrees C, regardless of whether one uses T, or T&OR. Another way of arriving at the same conclusion is to note from table 1 (1) that for the three homoduplexes the mean T&OR is 57.99 C and (2) that for the six heteroduplexes it is 56.69 C. It would appear that the origin of the strain has little effect; the two strains from the same population (KP and KWP) are no more or less similar to one another than either is to SP.
Discussion
The first point requiring discussion is the conversion of AT, to percent base-pair mismatch. Generally the conversion is taken to be 1: 1, i.e., 1 degree C AT,,, corresponds to 1% base-pair mismatch. However, the actual estimates for 1 degree C AT,,, range from 0.7% to 1.5% base-pair mismatch (Bautz and Bautz 1964; Laird et al. 1969; Kohne 1970; Britten et al. 1974 ). These estimates are based on either in vitro chemical reciprocals, calculated as described modification of bases or relatively short synthetic oligonucleotides. Recent data from our laboratory (Powell et al. 1986 ) on mitochondrial DNA of known sequence would argue for the higher conversion, i.e., 1 degree C AT,,, represents l S%-2.0% base-pair mismatch. Whatever the exact conversion, it seems safe to conclude that 1 degree C AT, represents at least 1% base-pair mismatch (and probably more).
From the above considerations, we conclude that genomes of Drosophila mercatorum differ by > 1.3% of base pairs. This is equivalent to heterozygosity estimates on the level of single base pairs. Other estimates of this value in Drosophila have come from studies of the alcohol dehydrogenase locus (ADH) of D. melanogaster. Both sequence data (Kreitman 1983 ) and restriction-site variation (Aquadro et al. 1986 ) indicate average differences between genomes of -0.6% of base pairs. This estimate is at least twofold lower than that indicated by our data on D. mercatorum. The difference may be due to various causes. The ADH region may be conservative relative to the genome as a whole. Alternatively, D. mercatorum may be more variable than D. melanogaster. Relative to D. pseudoobscura, D. melanogaster does seem to be a conservative species with respect to variation in the ADH region (Shaeffer et al. 1987) . However, both isozyme data (Clark et al. 198 1) and rRNA analysis (Williams et al. 1985) indicate that D. melanogaster and D. mercatorum are approximately equally variable.
It should be emphasized that the T,,, as used here is the median melting temperature of those duplexes that are formed under the conditions of reassociation. Under the conditions used ( 1 A4 TEACL, 45 C), sequences must have >75%-80% homology to form stable duplexes (stringency much below this level allows random reassociations). The percent reassociation figures in table 1 indicate further differences among strains beyond that indicated by the AT,,, . As indicated by the normalized percent reassociation (table I) , there is 5%-25% less reassociation in heteroduplexes than in homoduplexes. Some authors take into consideration the nonreassociated fraction of the DNA in describing the degree of difference between genomes. The TsoH of Sibley and Ahlquist (1984) and "T median" of Britten (1986) combine the T, (as defined here) and the percent reassociation into a single number that represents the temperature at which 50% of the whole genome (that which reassociated and that which did not) is single stranded. We have not calculated this statistic for our data because more information is available by presenting the T, and percent reassociation separately.
The reduction in reassociation may be due to two factors. First, a certain fraction of the genome may be highly variable and not able to form stable duplexes under the specific reassociation conditions. If this were the case, then the conclusion would be that different regions of these genomes differ greatly with respect to the level of variation. Approximately 80% of the genomes are relatively conservative and account for the AT,,, values of 1.3 degrees C. As much as 25% of the genomes are highly variable and >20% divergent. There is evidence from interspecific DNA-DNA hybridization experiments that Drosophila genomes contain blocks of sequences that vary greatly in the degree of divergence (Hunt et al. 198 1; Zweibel et al. 1982; Schulze and Lee 1986) . The boundary between conserved and variable regions can be very abrupt, occurring in <50 bp (Meyerowitz and Martin 1984; Martin and Meyerowitz 1986) . The data presented here are the first evidence that a similar phenomenon may occur among genomes within a species.
An alternative explanation is that some of the reduction in percent reassociation is due to insertion/deletion differences between strains. Tracer-DNA fragments do not hybridize to driver-DNA fragments because of the absence of the sequence in the driver strain. Many insertions/deletions are known to occur in Drosophila via repetitive mobile elements; these effects should be suppressed by making the tracer single copy. However, in addition to repetitive mobile elements, Drosophila genomes are also replete with insertions/deletions of sequences that appear not to be repetitive mobile elements (Aquadro et al. 1986 ).
These two explanations for lowered reassociation in heteroduplexes are not mutually exclusive, and both may apply. Operationally distinguishing between the two may, in fact, be very difficult. If sequences become highly divergent, at what point do they come to look more like insertion/deletion differences rather than like homologous sequences that have accumulated many point mutations?
There have been a limited number of other studies using DNA-DNA hybridization to detect intraspecific variation. Britten et al. (1978) performed DNA-DNA hybridization experiments between several individuals of a species of sea urchin, StrongyZocentrotus purpuratus. They concluded that individuals differ by N 4% of the nucleotide pairs of the single-copy DNA. Caccone (1986) has studied several populations of North American cave crickets and found AT,,,'s ~5 degrees C between populations of the same species. Thus, if one may generalize from Drosophila, crickets, and sea urchins, it appears that invertebrate DNAs are often highly variable within species.
This high level of DNA variation in invertebrates contrasts with what few data are available for vertebrates. Ahlquist et al. (accepted) performed DNA-DNA hybridizations between several individuals of the same species of grebe. They found AT,'s of 0.2-0.3 degrees C, nearly at the limit of detection. Sheldon (1986) has found an average AT,,, of 0.38 degrees C between individuals of the same species of herons; this number was based on 55 comparisons. Sibley and Ahlquist ( 1984, and unpublished data) have done extensive studies on hominoid primates and found quite low distances among species. For example, the AT50H (essentially equal to AT,,, for such low values) between chimps and humans is 1.8 degrees C. They have used DNA preparations from several individuals and found no significant differences. While this is indirect evidence, it appears that primates are low in intraspecific DNA variation compared with invertebrates. Britten ( 1986) recently summarized evidence indicating considerable variation in the rates of DNA evolution among taxonomic groups. Interestingly, there appears to be a good correlation between the levels of intraspecific variation and the phyletic rates. Birds and primates were shown to be the most slowly evolving groups, and Drosophila and sea urchins the fastest. Cave crickets have rates similar to those of Drosophila and sea urchins (Caccone 1986 ). Thus, these very limited data suggest that rapidly evolving (with respect to DNA) species also seem to have high levels of intraspecific DNA variation. (The one exception to this is a single experiment reported by Britten et al. [ 19781. They hybridized DNA from an inbred strain of mouse with a wild-collected mouse and could detect no difference; yet rodents are a relatively rapidly evolving group [Britten 1986.1) Owing to the extensive demonstration by Sibley and Ahlquist's work on birds, DNA-DNA hybridization is becoming an increasingly popular and accepted technique for systematic studies (see, e.g., Gould 1985) . The data presented in this paper and those reviewed above would tend to indicate that the technique may have limited use with invertebrates. Intraspecific variation may be very high; closely related species of the same genus may have AT,? of 7-10 degrees C (Hall et al. 1980; Caccone 1986 ); closely related genera may have AT,,,% > 15 degrees C (Caccone 1986 ). The measurement of AT,,,, begins to become inaccurate by -15 C and probably cannot be reliably measured above 20 C. Also, at this high level of divergence, the percent reassociation is very low. Thus, with invertebrates, it seems unlikely that DNA-DNA hybridization will be useful much above the genus level.
